Spin excitations were studied by absorption spectroscopy in CaBaCo4O7 which is a type-I multiferroic compound with the largest magnetic-order induced ferroelectric polarization (∆P =17 mC/m 2 ) reported, so far. We observed two optical magnon branches: a solely electric dipole allowed one and a mixed magnetoelectric resonance. The entangled magnetization and polarization dynamics of the magnetoelectric resonance gives rise to unidirectional light absorption, i.e. that magnon mode absorbs the electromagnetic radiation for one propagation direction but not for the opposite direction. Our systematic study of the magnetic field and temperature dependence of magnon modes provides information about the energies and symmetries of spin excitations, which is required to develop a microscopic spin model of CaBaCo4O7.
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PACS numbers:
Multiferroic materials have gained tremendous interest because of their versatile possibilities for applications in sensing, data storage and computing [1] [2] [3] . These functionalities rely on the magneto-electric (ME) effect which is enhanced in multiferroics by the coexistence of ferroelectric and magnetic order. Recent studies of multiferroic materials from gigahertz frequencies to Xray wavelengths have demonstrated that finite frequency ME effect gives rise to another useful phenomenon, the directional dichroism [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The non-reciprocal directional dichroism and its Kramers-Kronig counterpart, non-reciprocal directional birefringence, are the absorption coefficient and refractive index differences, respectively, for counter-propagating light beams detectable irrespective of the light polarization state. These effects enable new applications for multiferroics in photonics, e.g. one-way light guides and polarization rotators. The largest directional dichroism in multiferroics is at terahertz (THz) frequencies [11] what can boost terahertz photonics in the future, similar to the prospect of graphene non-reciprocal terahertz devices [15] . The dc and the finite frequency ME effect, which determine the efficiency of any multiferroic device, are intimately connected by a sum rule [16] allowing a large static ME effect only if a large non-reciprocal directional dichroism is present in the absorption spectrum of electromagnetic radiation. The pyroelectric ferrimagnet CaBaCo 4 O 7 is a type-I multiferroic compound with the largest magnetic-order induced ferroelectric polarization (∆P =17 mC/m 2 ) reported, so far [17] . In this paper we report a magnon mode in CaBaCo 4 O 7 which shows unidirectional light absorption. Namely, the non-reciprocal directional dichroism is so strong for the magnon resonance that it absorbs terahertz radiation only in one direction, but not in the opposite direction.
In the long wavelength limit the directional dichroism emerges from the dynamic magnetoelectric (ME) coupling, δP ω =χ em (ω)H ω and δM ω =χ me E ω [7, 8] . The induced polarization, δP ω and magnetization, δM ω interfere constructively/destructively with H ω and E ω fields of the light as the relative orientation of H ω and E ω is opposite for foreward/backward propagating light beams [18] . Due to the strong hybridization between the electric and magnetic dipole excitations large directional dichroism has been found recently for the collective spin excitations of multiferroics. Non-reciprocal directional dichroism has been observed in two distinct cases, so far. The first one, the so-called magnetochiral dichroism (MChD), requires a chiral material with finite magnetization, and the directional dichroism is present for light beams propagating parallel and antiparallel to the direction of the magnetization. MChD has been detected in several akermanite compounds, [8, 11] and in Cu(Fe,Ga)O 2 [12] . The second one is realized when a material simultaneously possesses magnetization, M and electric polarization (or a polar axis), P [19] . In this case, the absorption is different for beams propagating along and opposite to the toroidal moment, which is the cross product of the electric polarization and the magnetization, T=P×M. We term the latter effect as toroidal dichroism (TD), which has been observed in Ba 2 CoGe 2 O 7 [7] , (Eu,Y)MnO 3 [9] , (Gd,Tb)MnO 3 [10] . All the above listed compounds are type-II multiferroics, where the usually weak ferroelectricity appears below the magnetic phase transition. On the other hand, type-I multiferroics usually have large ferroelectric polarization which is already present in their paramagnetic phase [3] . Moreover, they often have higher magnetic ordering temperature which enables room temperature Typeset by REVT E X applications. However, in this class of compounds, the dynamic magnetoelectric effect of spin-wave excitations has been studied only very recently in BiFeO 3 [14] , and information about the non-reciprocal directional dichroism is still scarce. Here, we focus on the non-reciprocal directional dichroism spectrum of a type-I multiferroic material, CaBaCo 4 O 7 , which belongs to the Swedenborgite family having members with multiferroic phases close to room-temperature [20] . At room temperature CaBaCo 4 O 7 has an orthorhombic, non-centrosymmetric crystal structure (space group P bn2 1 ) [21] , which allows electric polarization along the c axis. The tetrahedrally coordinated cobalt ions, responsible for magnetism of this compound, form alternating kagome and triangular lattice layers as shown in Fig. 1 . These sublattices with the strong antiferromagnetic exchange coupling between the cobalt ions are textbook examples of geometrical frustrated systems. In CaBaCo 4 O 7 an orthorhombic distortion releases the frustration, and a ferrimagnetic order develops below T c =60 K (see Fig. 1 ) [21, 22] . The c axis is the hard magnetization axis, while the magnetization anisotropy within the ab plane is small if any [23] . The magnetic unit cell, which is equivalent to the structural unit cell, contains 16 cobalt spins, and the symmetry of the ferrimagnetic state reduces to P b ′ n2 ′ 1 . Upon the magnetic phase transition a peak-like anomaly shows up in the temperature dependence of the dielectric function, indicating a coupling between fluctuating spin and charge degrees of freedom [17, 23] . Pyrocurrent measurements revealed a magnetic-order induced electric polarization, ∆P ≈17 mC/m 2 being the largest observed among multiferroics known, so far [17] . First principles calculations suggest that magnetostriction is the dominant driving mechanism of the large change in the ferroelectric polarization [24] .
Single crystals of CaBaCo 4 O 7 were grown by the floating-zone technique [17] . The room temperature X- ray diffraction pattern was consistent with the space group P bn2 1 . X-ray diffraction and polarized optical microscopy imaging revealed that orthorhombic twinning occurs on microscopic scale in the studied samples. THz transmission spectra were measured on 300-500 µm thick platelet-like samples with different crystallographic orientations using time-domain THz [25] and Fouriertransform infrared spectroscopy [26] . The THz spectra of CaBaCo 4 O 7 measured with linear light polarization along the principal crystallographic axes using Fourier-transform spectroscopy are shown in Fig. 2 . Since the a and b axis are indistinguishable due to the orthorhombic twinning, the in-plane directions are labeled as ⊥c. The temperature dependence of the THz spectra (see Fig. 2(a)-(b) ) shows that beside the temperature independent phonon modes observed in the paramagnetic phase two new resonances appear below T c =60 K whose resonance frequencies are shifted to lower frequencies as the temperature increased (Fig. 2(c) ). In the low temperature phase no additional infrared active phonon mode is expected since (i) the magnetic and the struc-tural unit cells are the same and (ii) the space group changes from P bn2 1 to P b ′ n2 ′ 1 upon the magnetic phase transition, while keeping all spatial symmetries intact. Therefore, the two resonances, located at 1.07 THz and 1.41 THz at T =4 K can be identified as magnetic excitations. These peaks shift to lower frequencies and become broader as the temperature increases as expected for collective excitations of a magnetic order.
The selection rules for the low-frequency excitations were obtained from the light polarization dependent measurements, see Fig. 2(d) . The modes at 1.23 THz and 1.67 THz are ab-plane lattice vibrations, while the 1.63 THz resonance is a c-axis optical phonon mode since all of these excitations are sensitive only for the orientation of E ω and they are also present in the paramagnetic phase above T c as shown in Fig. 2(a)-(b) . However, the intensity of the 1.07 THz resonance changes when either B ω or E ω is rotated out from the ab plane, therefore, this mode is assigned to a both electric and magnetic dipole active resonance excitation. The magnetic mode at 1.41 THz can be excited only with E ω c, thus, it is an electric-dipole allowed but magnetic-dipole forbidden magnetic resonance. Such strong electric dipole active electromagnons have been found also in orthorhomic manganites [9, 27] .
The magnetic field dependence of the THz spectra was measured for different field orientations at 4 K as shown in Fig. 3 . The experiments were performed in Faraday geometry, where the external magnetic field is parallel to the light propagation direction, k B dc , thus no directional dichroism is expected by symmetry. When the magnetic field lies within the ab plane, B dc ⊥c (see Fig. 3(a)-(b) ), the magnetoelectric mode at 1.07 THz is asymmetrically split into two branches, which get separated linearly by 25 GHz/T, while the 1.41 THz resonance is shifted to higher frequencies by about 13 GHz/T. This strong magnetic field dependence also supports the above assignment of 1.07 THz and 1.41 THz resonances to magnetic excitations. The other lines are infrared active phonon modes showing no magnetic field dependence. When an external magnetic field of 16 T is applied parallel to the c axis, the spectrum does not change significantly (Fig. 3(c)) ; only the 1.07 THz resonance is shifted slightly to higher frequencies and the 1.41 THz mode becomes weakly active. This result suggests that the magnetic structure can be hardly modified by B dc c, thus, the strong anisotropy forces the spins to lie within the ab plane.
In CaBaCo 4 O 7 , symmetry allows TD when the light propagates along the toroidal moment, T=P×M, where the electric polarization P points along the c axis and the magnetization M is within the easy-plane. Since the symmetry reduces from P bn2 1 to P b ′ n2 electric polarization, while their magnetization and thus their toroidal moments have opposite signs. The finite magnetization of the domains allows to switch between them by an external magnetic field larger than about 2 T at T =5 K. Due to the strong exchange coupling between the spins and the small in-plane anisotropy, we expect that the toroidal moment formed by the polar c axis and a magnetization pointing to any in-plane directions can be reversed by reversing the external magnetic field. Therefore, instead of reversing the position of the source and the detector, which would be the time reversed experiment, we measured the absorption difference in positive and negative in-plane magnetic fields while keeping the optical system intact in order to sensitively detect the directional dichroism. In this way, we reversed the toroidal moment of the sample instead of the light propagation vector, as TD depends only on their relative orientation.
The magnetic field dependence of the absorption spectra both for positive and negative in-plane fields, was measured using time-domain THz spectroscopy in Voigt geometry, k⊥B dc , for light propagation along the toroidal moment T (see Fig. 4 ). In this setup the highest field was limited to ±7 T, and the high frequency cutoff was below 1.4 THz. Fig. 4 (a) and (b) present two sets of spectra measured with the two orthogonal light polarizations, E ω ⊥c and E ω c, respectively. In order to study a single magnetic domain, first the highest positive (negative) magnetic field, +7 T (-7 T) was applied to reach the saturation magnetization, and the magnetic field dependence was measured with decreasing the field down to zero. Remarkably, the lower frequency branch of the 1.07 THz magnetoelectric mode can be excited only in positive fields above +5 T for light polarization E ω ⊥c. Since this mode absorbs light only for one of the propagation directions with respect to the toroidal moment and it is transparent for the other, CaBaCo 4 O 7 allows unidirectional light propagation around the resonance frequency of the magnetoelectric mode.
The strength of the directional dichroism is quantified by the dissymmetry factor defined as η=(S B+ -S B− )/(S B+ +S B− ), where S B+ and S B− are the strength of the resonance in positive and negative fields, respectively [18] . First, S B+ was determined by fitting the absorption spectrum with a sum of Lorentzian functions, then the negative field spectra were fitted by allowing only the strength parameter, S B− to be varied. For the two light polarizations the dissymmetry factor has different magnetic field dependencies as shown in Fig.4  (c) . When E ω ⊥c the TD is saturated close to the theoretical maximum η=1 above 5 T for the lower branch of the 1.07 THz magnetoelectric mode. However, for the orthogonal polarization E ω c, the dissymmetry factor monotonously increases in the studied field range. The difference in the field dependencies is likely caused by the different hybridizations between the magnon mode and higher energy polar modes governed by different selection rules for the two light polarizations.
As it was shown previously [11] , such a strong directional dichroism, η≈1, can be achieved for a magnetoelectric resonance when the ratio of the magnetic and electric dipole matrix elements, n|m|0 and n|p|0 , respectively, is equal to the speed of light within the material for the transparent direction:
Here c 0 is the speed of light in vacuum and ε is the background dielectric constant. We get ε=14.7 from our timedomain measurement, thus, the ratio, Eq.1, is c 0 /3.7 for the 1.07 THz mode of the CaBaCo 4 O 7 above 5 T and E ω ⊥c, B ω c. From a classical spin-wave theory one expects maximum 16 magnon modes in CaBaCo 4 O 7 as the unit cell contains 16 magnetically different atoms. In the Faraday geometry (see Fig.3 ) three modes are observed with resonance frequencies monotonously increasing in field. In the Voigt geometry (see Fig.4 ) the 1.07 THz mode is split into a magnetic field independent mode and a higher frequency branch, which is also observed in the Faraday configuration. This raises the number of observed magnon modes to four. The missing spin excitations are outside the frequency window of the current Faraday and Voigt experiments or they do not interact with the electromagnetic radiation.
In conclusion, we have studied the magnetic resonances in the type-I multiferroic CaBaCo 4 O 7 . The lowestenergy mode at 1.07 THz is a mixed magnetic and electric dipole resonance, while the 1.41 THz resonance can be excited only by the electric field component of the light. Such magnetoelectric and electric dipole modes are probably allowed by the strong inversion symmetry breaking fields of the present pyroelectric compound. For counter-propagating light beams, the 1.07 THz resonance absorbs the electromagnetic radiation only for one propagation direction due to the dynamic magnetoelectric coupling. Nearly perfect unidirectional light absorption is realized in CaBaCo 4 O 7 , and the transparent/absorbing directions can be controlled by an external magnetic field; our findings can pave a way for future applications of mutliferroics in diodes for terahertz light. Furthermore, the magnetic field dependence of the spin excitations was determined in a broad magnetic field and energy region, which provides valuable information for the construction of a microscopic spin model of CaBaCo 4 O 7 , and can help to understand the large magnetic order induced polarization.
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